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ABSTRACT 
 
 
 
This thesis presents the development of speed tracking of indirect field oriented 
control (IFOC) induction motor (IM) using neural network (NN). IM are usually low 
cost, physically smaller, reliable and rugged machines. Furthermore, in contrast to 
direct current (DC) motor, it can also be used in hostile or volatile environment. 
Unfortunately, the operation of IM is much more complicated rather than DC motor 
and low control precision as the field and torque producing component of its input 
current are linked. To achieve better control precision, it is necessary to control these 
two parameters of stator current independently. The objectives of this project is to 
implement an efficient neural network indirect field oriented control (NNIFOC) that 
could be implanted to control the speed of IM and capable of observing steady state, 
transient motor behavior and thus improves the performance of the drive. Here, the 
online NN with 1-3-1 network structure with feed-forward architecture is used to 
maintain the speed trajectory specified by reference model and compared with offline 
NN based approach to the area of decoupling control using IFOC principles of speed 
tracking for an IM. Both offline and online NN are trained by backpropagation 
technique with one hidden layer to update parameters of weight and bias. Simulation 
model has been developed using MATLAB Simulink. Validity of proposed NNIFOC 
is verified with actual experimental results focusing on speed variation and load 
disturbance using digital signal processing (DSP) techniques. The results show that 
online NNIFOC reveals better performance than offline NNIFOC in terms of settling 
time. 
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ABSTRAK 
 
 
 
Projek ini membentangkan pembangunan pengesanan kelajuan berorientasikan 
kawalan bidang tidak langsung (IFOC) motor aruhan (IM) yang menggunakan 
rangkaian neural (NN). IM murah, lebih kecil, kebolehpercayaan operasi dan mesin 
yang lasak. Tambahan pula, berbeza dengan  motor arus terus (DC), IM boleh 
digunakan dalam persekitaran yang agresif atau tidak menentu. Malangnya operasi 
IM adalah lebih rumit berbanding DC motor dan kurang tepat dalam kawalan kerana 
komponen fluk dan tork yang terhasil dari masukan arusnya adalah berkait. Dalam 
usaha untuk mencapai kawalan yg tepat bagi motor aruhan, adalah perlu untuk 
mengawal dua komponen arus stator secara berasingan.Objektif projek ini adalah 
untuk mengamalkan orientasi kawalan bidang tidak langsung (NNIFOC) yang boleh 
digunakan untuk mengawal kelajuan IM dan mampu mengawal keadaan sehingga 
stabil, tingkah laku motor fana dan prestasi pemacu. Di dalam projek ini, NN atas 
talian dengan struktur rangkaian 1-3-1 oleh senibina suapdepan yang digunakan 
untuk mengekalkan kawalan kelajuan ditetapkan oleh model rujukan akan 
dibandingkan dengan NN luar talian berdasarkan pendekatan kepada kaitan kawalan 
nyahgandingan menggunakan prinsip IFOC dari pengesanan kelajuan sebuah IM. 
 NN atas talian akan dilatih dengan teknik pembiakan kembali dengan satu lapisan 
tersembunyi untuk mengemaskini parameter. Model simulasi telah dibangunkan 
dengan menggunakan pakej Perisian MATLAB Simulink. Kesahihan cadangan 
NNIFOC ditunjukkan dengan keputusan eksperimen yang dijalankan dengan 
menumpukan kepada perubahan kelajuan dan beban gangguan berasaskan 
pemprosesan isyarat digital DSP. Keputusan menunjukkan prestasi NNIFOC dalam 
talian adalah lebih baik dari NNIFOC luar talian dari segi masa stabil. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.1 Introduction 
 
In this chapter, the introduction of the thesis will be explained in detail that consists 
of research background, focus of the study, problem statements, research objectives, 
scope and outlines. 
 
1.2 Background Study 
 
Russia, Japan, China, the European Union and the United States are five big motor 
consumers, about 84% collectively account for motor electricity consumption in the 
countries [1]. Approximately, 68% of the electricity used by electric motors with 
input power range from 0.75 kW up to 375 kW. Most of them are asynchronous 
current (AC) induction motor (IM) with 2, 4, 6 or 8 poles. There are various types of 
motor designs available, but the AC IM has been dominating and frequently used. 
Electric motors use about half the electricity produced by developed countries, 
where 90% is from induction motor [2]. The rugged structure, robustness, low cost, 
high reliability and very minimal maintenance are among the advantages of IM as 
compared to direct current (DC) motor counterpart. 
A lot of researchers have been attracted to the field of electric drives by IM 
control over time. The IM control methods are divided into scalar and vector control 
(VC). The scalar control is usually used in low cost and low performance drives. 
Even though the control is easy to implement and offer a relatively steady-state 
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response, unfortunately the dynamics are sluggish. To obtain high precision and good 
dynamics, VC approach is being employed with closed-loop feedback control [3]. 
Translation of coordinate from fixed reference stator frame to the frame of rotating 
synchronous is implied by the VC [4, 5]. IM variable speed AC drives with VC 
technique has been popular in recent years for better performance set by DC drives. 
The possibility of the flux and torque separated control in the dynamic complex 
of IM is achieved using decoupling technique in early 1970s [6,7] Decoupling 
between flux and torque is highly recommended for excellent control of flux and 
torque. The relevant mathematical description of three-phase IM is contributed by 
field oriented control (FOC) which produces high dynamic performance [8, 9]. 
 
1.3 Problem Statement 
 
IM is superior to DC machine with respect to physical size, weight, inertia, cost and 
speed. In addition, it is able to operate in elusive and hostile environment than DC 
motor with mechanical commutation. However, the operation of IM is much more 
complicated and lack of precision control as the flux and torque of its input current 
are coupled.  
With the advancement of power electronics and culminating in DSP and 
microcontrollers, controlled electrical drives have achieved fast development. The 
powerful control development of AC drive with minimized power dissipation and 
definite control structures can be obtained by these technological improvements. To 
obtain definite control of IM, it is crucial to manage these two components of stator 
currents individually using FOC. Commonly used variable speed controls of motors 
are classically handled by conventional controllers such as proportional integral (PI) 
and proportional integral derivative (PID) controllers in FOC. Even though PID are 
simple and is very easy to implement, several problems such as high overshoot and 
torque oscillation causing by load disturbances do occur. Furthermore, the controller 
performance diversifies depend on operating conditions. To overcome the drawbacks 
in conventional controller, a solution has been proposed using an online neural 
network (NN) controller. NN has the capability to coordinate when changes is given 
in the control environment applying input and output system. It has the ability to 
identify and control nonlinear system. The complex theory of control system or the 
real model is not required in NN. Recent development in the NN technique has made 
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it possible to train a NN to represent a variety of complicated nonlinear systems. 
Online NN is chosen according to the fact that even offline model can handle large 
data as computation time is not critical to their structure, it is only robust to small 
variation, but fail to adapt to larger changes in the system, while the online model 
adapts to variation quickly in non-linear behavior of the system. This research is not 
limited to control the speed in any operation with different load torques and speed 
variations but at the same time, to maintain and increase the system performance 
when dealing with system uncertainties, such as dynamic load disturbance. 
 
1.4 Research Objective 
 
The objective of this project is to control the IM with the proposed speed controller. 
The controller is able to maintain the performance of the motor in any conditions 
given, namely 
 
i. To model and develop FOC IM drive system using MATLAB Simulink. 
ii. To develop a proposed speed controller using online and offline NN 
technique to track the speed of IM based FOC. 
iii. To verify the performance of proposed neural network indirect field oriented 
control (NNIFOC) for both offline and online method in simulation and 
experiments. 
 
1.5 Research Scope  
 
The motor specifications for the hardware are given below: 
 
- frequency, f : 50 Hz 
- Pole, p : 2 
- Stator Resistance, Rs : 8.2Ω 
- Rotor Resistance, Rr : 5.3667Ω 
- Stator Self Inductances, Ls : 0.4934H 
- Rotor Self Inductances,Lr : 0.4934H 
- Mutual Inductance, Lm : 0.4867H 
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This project is conducted as the following stages: 
i. Modeling and simulation: 
- MATLAB Simulink is used to develop the proposed online NNFOC of IM 
drives system. 
ii. Software and hardware implementation: 
- The speed controller to deal with speed variation and load disturbance is 
designed.  
- Prototype of the proposed NNIFOC of IM drives system is constructed. 
- Code Composer Studio, CC Studio v3.3 is used as an interface to connect 
the proposed NNIFOC of IM with digital board controller (DSP) board 
controller. 
 
1.6 Thesis Outline 
 
This section explains the design, comparison and performance of proposed NNIFOC 
IM drive. It is divided into five chapters and the summary of each chapter is given 
below. 
 
(a) Chapter 1 : Introduction 
This first chapter gives some background introductions of the research. 
Problems of previous work are highlighted and research objectives are also 
discussed here. 
 
(b) Chapter 2 : Literature Reviews  
This chapter explains the electric motor classifications. In addition, 
advantages AC over DC motor and their control method are also discussed. 
The review of previous and current research in FOC IM drive system are 
presented.  
 
(c) Chapter 3 : Research Methodology  
This chapter describes the project implementation. Explanation of the 
proposed NN speed controller in indirect field oriented control (IFOC) IM is 
also discussed here and the control algorithms of the NN are explained in 
details. 
5 
 
 
 
 
(d) Chapter 4 :  Simulation and Experimental Results  
This chapter describes performance of the proposed NNIFOC IM drive in 
both simulation and hardware implementation. The proposed design is 
simulated using MATLAB Simulink, while the experiment is realized 
through C2000 DSP controllers, TMS320C2800 controller board. The test 
data obtained in simulation is verified with experimental setup.  
 
(e) Chapter 5 : Conclusions 
This final chapter describes and concludes the project summary. Objectives 
of the research successfully achieved, and suggestions for future work are 
described as well.  
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CHAPTER 2 
 
 
 
LITERATURE REVIEW 
 
 
 
2.1 Introduction 
 
This chapter describes fundamental knowledge of induction motor. Besides, 
background studies of the available control methods for motor drives conjointly with 
the proposed FOC method is also described here. Some literatures related to the topic 
that have been invented or have been produced nowadays also will be discussed to 
reveal and give overview concept and the idea of the entire project. 
 
2.2 Electric Motor Classification 
 
Electrical to mechanical conversion process in modern industrial civilization plays an 
important role. Electric motor is a machine that converts electrical to mechanical 
energy. It can be classified into two major categories, namely DC and AC motor. 
Either AC or DC current can be used to run the electric motor at one time.  Family 
tree of the electric motor is show in Figure 2.1. A DC electric motor is able to run if 
only DC current is being supplied into it and the same thing goes to AC electric 
motor. 
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Figure 2.1 : Electric motors family 
 
2.2 Advantages AC Motor over DC Motor 
 
Electric motor contributes significantly in industrial production and many other 
applications. The use of AC motor has extensively spread in industry attributable to 
their simple and rugged structure and excellent performance. The AC motor, 
particularly the squirrel cage type, is widely used up to 70% in industries. As 
compared to DC motor, an AC motor is very reliable, simple in construction, low 
cost and simpler maintenance requirements [10]. In addition, they are also resistant 
to heavy overloads. 
On the other hand, an induction motor does not face any problems with spark 
and corrosion and can be used in volatile environment. The major limitation is the 
presence of DC motor brushes and commutators [11-13]. When the brush wears off, 
low pressure environment increases dramatically and the sparks from the brushes can 
lead to explosion if the environment contains explosive materials since they need 
brushes to connect the rotor winding. The highest impediments of DC motor are the 
brush erosion, maintenance, requirements, environmental effect, power limits and 
lastly complex structure. 
Electric Motor 
DC Motor 
Brushless 
DC Motor 
Brush DC 
Motor 
AC Motor 
 Asynchronous 
Motor 
Synchronous 
Motor 
Induction 
Motor 
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The main limitation of an IM is based on controllability which is caused by 
its complex mathematical model and nonlinear behavior at saturation stage. The 
complexity of an AC drive increases substantially if high performances is required as 
the control and estimation in general, are considerably more complex. The motor 
speed should tightly comply with a specific reference trajectory on any load 
disturbance, parameter variations and uncertainties for high performance system 
[14].  
No linear ties between stator current and either the torque or flux since an IM 
requires complex algorithms. This means that it is hard to manage the torque and 
speed. High performance control and evaluation methods for IM drives are very 
demanding and it is an interesting subject at the same time. Nowadays, a lot of 
methods have been developed for IM drives and leads to excellent control 
performance. It shows that the development of high performance motor drives to 
manipulate the motor is very crucial in industrial applications [15]. Normally, a good 
dynamic speed tracking and load regulating as well as the performance are incentives 
to the drive and load parameter variations are the characteristics of the high 
performance drive system [16]. 
 
2.3 Induction Motor Control Methods  
 
Many researchers are interested in IM as it provides diverse control techniques. Its 
control methods are divided in two groups, namely the vector and scalar control 
which are also known as open and close loop control [17].  
Figure 2.2 illustrates general classification of IM control techniques. Study on 
the control methods has initially been done for scalar control. With assumption that 
rated flux is proportional to voltage over constant frequency, this method is based on 
the relationship valid for steady states. Problem of independent control of outputs, for 
example, torque and flux are regardless of the scheme and unable to perform 
decoupling between input and output. To date, to achieve decoupling on high-
performance IM drives, the possible solution is on VC. 
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Figure 2.2 : General classification of IM control methods 
 
The magnitude and angular speed as well as the instantaneous positions of 
voltage and controlled current are the vital parameters for dynamic states of vector 
control. Therefore, the control provides correct orientation for both steady and 
transient states besides acting on the position of space vectors. This belongs to high-
performance control implemented in a closed-loop mode and it enhances 
dynamically decoupled fast flux and torque control [3, 18]. The benefits that have 
been offered by VC are the speed control over a wide range, precise speed 
regulation, fast dynamic response and operational above base speed. Only several 
basic schemes that are offered in the market despite the vector control itself can be 
implemented in many different ways. Nowadays, FOC and direct torque control 
(DTC) are the most popular strategies.  
The appearance of VC in early 1970s allowed a considerable increase of 
dynamic performance of IM [19]. Based on Fleming’s Law, the VC makes 
performance of IM to be as good as DC motor where torque and flux can be 
controlled independently after being decoupled. The effect of factors, such as 
inaccurate control and variable motor parameter will make actual performance of VC 
be worse than predicted in practical engineering applications. Some improved 
techniques, such as flux observer, rotor resistance identification are adopted to 
reduce the effect of this variation such that the control of VC can be satisfied in most 
applications and several methods are investigated to address this problem. 
IM Control 
Scalar Control Vector Control 
Direct Field 
Oriented Control 
Indirect Field 
Oriented Control 
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2.4 Field Oriented Control (FOC) 
 
FOC have made possible the application of IM for high performance applications 
where traditionally only DC drives were applied. Separate excitation DC motor has 
similar way as field oriented scheme that allows the control of IM. Speed control of 
three-phase AC electric motors is achieved by controlling the current where it is one 
of the methods used in variable-frequency drives or variable speed drives to control 
its torque. FOC torque is obtained by controlling the torque and flux current 
independently. By using FOC, at low and high speeds, there is not any torque ripples, 
thus smoother and accurate control can be achieved.  
Figure 2.3 and Figure 2.4 shows the basic schemes of indirect and direct 
methods of VC. The direct VC method relies on the stator or air-gap flux with 
generation of unit vector signals. From stator voltage and current, the air-gap signals 
can be measured directly and estimated. Stator quantities can be directly computed 
through the stator flux. Rotor field angle does not need rotor speed in these systems. 
Rotor field angle and unit vectors are indirectly acquired by summation of the rotor 
speed and slip frequency which happens in indirect vector control (IVC).  
Controlling the stator currents represented by a vector is included in FOC. 
Transforming a three-phase time and speed dependent system into two coordinates, 
i.e. d and q coordinates time invariant system by this control which based on 
projections. A structure that is similar to a DC machine control is brought by the 
projections.  
The torque component which aligns with q coordinate and flux component 
which aligns with d coordinate are the two constants that act as input reference for 
FOC machines. The control structure handles instantaneous electrical quantities 
while FOC is simply based on projections. Therefore, the control will be independent 
on limited bandwidth and accurate in every working operation.  
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Figure 2.3 : Indirect vector control method 
 
 
 
Figure 2.4 : Direct vector control method 
 
Knowledge of two currents and rotor flux position are the fundamental 
requirements for FOC. The core knowledge of FOC is the rotor flux position. The 
rotor flux is not aligned with d-axis and the current components are incorrectly 
estimated if there is an error in this variable. The rotor speed is not equivalent to 
rotor flux in the machine. A big credit to FOC is that it turns torque and flux of IM 
for direct and separate control. Instantaneous control of the separate quantities 
facilitates accurate transient and steady state management and obtaining DC motor’s 
advantage for FOC IM.  
 
2.4.1 Review of Existing Previous Work 
 
Reviews have been made for FOC IM with conventional and artificial intelligent 
based speed control techniques. Different control methods with their own advantages 
and disadvantages have also been discussed. On the other hand, speed performance 
has its own merits with different speed control methods. 
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2.4.1.1 Field Oriented Control of IM Drive 
 
The control of AC electric machines is known as a considerable development and a 
possibility of real-time applications is similar to a consequence of the important 
progress in power electronics and micro computing [20]. Robustness, cost, 
reliability, effectiveness, maintenance free, simple and rugged structure, and ease of 
control [4, 15] that is used in various applications ranging from industrial motion, 
control systems to home appliances are some of the AC IM desirable features. DC 
motor drive has proven to have good dynamic torque response but the AC motor has 
also come up with the same features [21]. But it has only been used in industrial 
applications that do not require high performance for a long time. Very complex 
mathematical model due to coupling of physical parameters becomes a challenging 
problem because there is not any linear relationship between stator current and either 
the torque or flux and they exhibit significant non linearity than DC drives in 
dynamic industrial applications [22]. 
The use of the IM has become more popular since Blashke and Hasse who 
developed the new technique known as FOC [23]. It has been proven that this control 
strategy is well adapted to all types of electrical drives associated with IM and good 
at providing the same performance as DC machine [24]. A powerful tool for high 
performance control of IM has turned up to be FOC. Traditionally, only DC drives 
are used for high performance applications, but this technique has also made the 
application of IM successfully replacing the expensive DC motor. 
Direct and indirect methods are the two schemes that can be reached in FOC. 
Flux position is measured or evaluated on the basis of flux components in the stator 
coordinates in direct FOC schemes. On the other hand, flux position is indirectly 
determined through rotor speed and slip estimation for indirect control schemes [25]. 
Among all the methods, simplicity of design and construction, the absence of rotor 
flux position sensor and the ability to operate at low speeds has made the indirect 
FOC control strategy well known.  
Separately flux and torque producing current are the two components of 
stator current that need to be controlled for precision [19]. Torque is controlled 
independently by adjusting the armature current, iq so that the control of IM becomes 
identical with DC motor and flux is controlled by exciting current in FOC. It permits, 
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through a coordinate transformation, to decouple the electromagnetic torque control 
from rotor flux, and therefore manage like a DC motor. To obtain DC quantities with 
dynamic behaviour, the variables are converted into a reference frame in this 
technique [26]. To achieve fast transient response of the IM, decoupling control 
between the flux and torque assigns. Thus, it is preferably used in high performance 
motor applications.  
Normally, a high performance drive system is insensitive to load parameter 
variations, and must possess good dynamic speed tracking and load regulating 
capabilities [27]. The decoupling of torque and flux characteristics and easy 
implementation are the primary advantages of FOC technique. A parameter 
disturbance still limits the performance of these drives caused by detuning. Main 
criteria in controller design are the controllability of speed and torque in an IM 
without any peak overshoot and minimum ripples with good transient and steady-
state response. A conventional controller is used to accomplish variable-speed 
operation.  
 
2.4.1.2 FOC of IM Drive System with Conventional Speed Controller 
 
Although under ideal field oriented conditions, conventional controllers could not 
provide best performance over a wide range of operations. FOC is traditionally 
handled by conventional controllers, namely PI and PID controllers in variable speed 
of IM [6]. Zeigler Nichols and poles assignment are the known methods to determine 
optimal way for the PID controller’s parameters. Conventional controller complies 
with either using open or closed loop modes.  It is a stable operation of the motor 
which in turn improves the operation of the motor and prolong its lifespan and 
eliminates steady-state errors by incorporating the limits in the integral portion of PI 
controller.  
A speed control of FOC IM drive incorporated with PID controller is shown 
in Figure 2.5. The use of PID controller induces many problems such as high 
overshoot, oscillation of speed and torque due to sudden changes in load and external 
disturbances even though PID are simple and easy to implement [28]. Furthermore, 
the performance of these controllers varies under different operating conditions. The 
difficulty occurs when its characteristics is nonlinear and may need frequent on-line 
retuning since the controllers’ gain is fixed or in dealing with parameter variations 
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and load disturbances that cannot always effectively control systems with changing 
parameters [29]. Hence, it is unable to regulate for conditions variations 
simultaneously and does not lead to good tracking as well. Deterioration of drive 
performance is usually caused by this type of behavior [30]. 
 
 
 
Figure 2.5 : The speed controller of FOC IM drives incorporated by PID controller 
 
PID controllers that mostly used in industries as a practical implementation of 
FOC three-phase IM based on Space Vector Pulse Width Modulation (SVPWM) 
technique using DSP board TMS320F2812 is presented by Sulaiman, 2013. Inner 
current loop and outer speed control loop using PI controller are the two control 
loops of motor control. By using computational rotor time constant, rotor angular 
velocity and stator current of the rotor flux are estimated. Under different speed 
variations and load disturbance, performance of the drives system is tested. The 
motor can run in contrast speed and also dissimilar load disturbance with identical PI 
controller setting [31]. 
Comparisons between a variable gain proportional integral (VGPI) controller 
and a conventional PI controller used for speed control with an IFOC of a Doubly 
Fed IM (DFIM), being fed by two pulse width modulation (PWM) inverters with a 
separate DC bus link is presented by Chikouche, 2013. Based on state space input-
output decoupling technique, the same transfer function (1/s) for all four decoupled 
currents is obtained by introducing a new approach for decoupling the motor’s 
currents in a rotating (d-q) frame. With better disturbance rejection than the classic 
PI controller, the results show a remarkable behavior of the VGPI controller during 
regulation and tracking. The VGPI regulator regulates well to load torque 
disturbance as well as faster dynamics with negligible steady-state errors under 
dynamic operating conditions and stabilizes against rotor resistance variation [32].  
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An analysis for achieving control torque and speed with IFOC of IM is 
described by Maher, 2012. Low-cost applications are suitable for an indirect field-
oriented output feedback motor PI controller. By using an analog-to-digital 
converter, a current model control is used to sense back electromotive force (EMF). 
This has proven that the conventional PI controller cannot compensate for such 
parameter variations in the plant and PI controller is not an intelligent controller nor 
is the slip calculation accurate [33].  
Based on a sensorless closed-loop rotor flux observer with PI speed controller 
whose main advantages are simplicity and robustness to motor parameter detuning,  
Radu Bojoi, 2008 has implemented a sensorless direct rotor field-oriented control 
(SDRFOC) scheme of three-phase IMs for low-cost applications.  At a low-cost fixed 
point, a DSP controller with full algorithms has been developed. In order to replace 
the traditional V/Hz open-loop control, the simple observer is implemented with low-
cost fixed point DSP controllers, making it an attractive solution [34].  
On the other hand, methods of computing PID parameters controller for VC 
of IM is proposed by Ajangnay, 2010. Settling time is required and motor parameters 
will be computed by the proposed method with optimal parameters for current loop, 
flux loop, and speed loop as functions. The only parameter required to be given by a 
user such that the method calculates the PID parameter for each loop control as the 
significance of the proposed method is the only factor to prove the proposed method. 
Robustness of the proposed method to system parameters variations is shown in 
simulation [35].  
Boussak, 2006 has proposed a new method for the implementation of a 
sensorless indirect stator-flux-oriented control (ISFOC) of IM drives with stator 
resistance tuning. It is based only on measurement of stator current for the proposed 
method of the estimation of speed and stator resistance. The q-axis measures the 
error from its reference value feeds the PI controller, where the estimated slip 
frequency acts as output. To have the estimated rotor speed, the synchronous angular 
frequency is subtracted to obtain the output integral plus proportional rotor speed 
controller. This paper proposes a conventional PI controller with feed-forward 
compensation values in the synchronous frame to control current regulation. 
Degradation due to stator resistance variation caused by temperature is taken into 
account while on the other hand good performance has been obtained at locked rotor 
conditions [36]. 
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To control the speed of IM based on VC strategy, robust PI controllers are 
designed. Using Kharitonov theorem the design defines robust stability and 
performance regions in the kp–ki, PI controller coefficient plane. While necessary 
equations are derived from required foundations for designing a robust PI controller 
are also generally introduced. After the equations are derived, the required 
foundations for designing a robust PI controller are also introduced. The proposed 
method provides a systematic approach to design PI controllers for an IM and could 
be used to easily compute the stability region apart from ensuring robust stability and 
performance of the closed-loop system [37].  
The PWM with IFOC of an IM in parallel Hybrid Electrical Vehicle to 
enhance the performance and the stability of the system is applied by Abad, 2011. PI 
controller is employed to control rotor speed of the IM. To be able to control the 
output voltage of the PWM inverter which feeds the IM, a hysteresis current 
controller is applied. The IM responses to torque changes very quickly and precisely. 
Nevertheless, the torque response is not fair enough as shown in simulation for 
various rotor speeds. It takes 0.2s for the torque to reach its steady-state condition in 
every step of changing the rotor speed. Consequently, speed should be sustained at 
different torque [38]. 
Reljic, 2006 proposed a modified PI controller with feed-forward for desired 
performance such as quick response, reference tracking, low steady-state errors, and 
wide system bandwidth and good disturbance rejecting capability despite being the 
traditional PI controller. In this paper, optimization procedure for classical PI and 
modified PI controller is mentioned. The only problem is that the modified PI 
controller has 3 parameters to tune [39].  
Sensorless field oriented method using PID controller was developed by 
Kushwaha, 2013. Without having sensors, this model is capable at motor speed 
control. The nature of high performance motor drive system is comparable with the 
obtained simulation results. In order to decouple rotor resistance adaption with the 
motor speed variation, a new rotor resistance adaptive scheme has been proposed. 
Better precision and stability in speed and torque control of 3 phase IM has shown in 
the results obtained using developed model with PID controller [40]. 
 
 
17 
 
 
2.4.1.3 FOC of IM Drive with Artificial Intelligent Speed Controller 
 
The control algorithm should include a complicated computation process to eliminate 
the variations in the load disturbance so as to overcome the drawbacks in 
conventional controllers [28]. Real-time implementation requires extensive 
computations as the control algorithms applicable to these systems have become 
increasingly more complicated. The essential of intelligent controllers is to gain 
adequate dynamic performance of traditional methods. NN and fuzzy logic controller 
(FLC) are considered as potential candidates for such an application in recent years 
[41]. The research on the design and implementation have proved their dexterity in 
many respects and gained great importance [26].  
FLC as a sophisticated method which lends itself very well to regulate and 
control to understandable process using appropriate conventional classic methods is a 
solution that had been proposed in [42]. A FLC has excelled in dealing with systems 
that are complex, ill-defined, non-linear, or time-varying. It is relatively easy to 
implement, as it usually needs no mathematical model for the controlled system. The 
simplicity in control are the advantages of FLC over PI controller by converting the 
linguistic control strategy of human experience into an automatic control strategy 
that will be achieved [43].  
FLC takes high quality performance subject to varying operating conditions, 
for instance step change in speed and torque reference [44-46]. Figure 2.6 show the 
speed controller of FOC IM drives that implemented by FLC. As for IM speed 
control applications the FLC is the simplest of all the intelligent controllers [47]. 
Despite that, FLC also have difficulties in tuning the parameters of the membership 
function according to changes in the system and in determining appropriate control 
laws  
 
 
 
Figure 2.6 : The speed controller of FOC IM drives incorporated by fuzzy logic 
controller 
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It has been proven that various control strategies in controlling inverter fed 
IM Drives gives good steady-state performance but poor dynamic performance. 
Variable speed AC Drives came into existence to achieve good dynamic performance 
and to meet preferences set by DC drives. By decoupling torque and flux control 
FOC of IM has produced fast transient response. Major difficulty for IFOC method is 
the field orientation detuning caused by parameter variations. Even when proper field 
orientation is achieved, the traditional probability density function PID controllers 
also have trouble meeting a wide range of speed tracking. When detuning occurs, 
PID controller’s performance is severely degraded. FLC design that meets the speed 
tracking requirements even when detuning occurs is proposed by Brian Heber, 1997. 
Methods for synthesizing a controller from engineering experience that can be more 
robust, having better performance, and reduce the cycle times is achievable in FLC 
[48].  
Fuzzy logic based controller used for an indirect vector controlled (IVC) 
three-phase IM has been proposed by Bhushan, 2011 and Mariun, 2004 in terms of 
theory, design and simulation. By decoupling the flux and torque, the FOC of an IM 
has achieved fast transient response. By using MATLAB, the simulations have been 
realized. Based on drive at different operating conditions such as parameter 
variations and sudden change in load, the performance of the proposed FLC has been 
investigated and compared with the results obtained from the conventional PI 
controller. A FLC in indirect vector control IM (IVCIM) gives superior performance 
in terms of fast dynamic response and parameter variations and more robust than PI 
controller [49-52]. 
Kouzi, 2003 has proposed a new design of FLC with fuzzy adapted gains 
(FAG) instead of standard FLC. By using classical FLC at different dynamic 
operating conditions, such as sudden change in command speed, step change in load 
and some key parameters deviation, the improvements and the performance of the 
proposed controller based on IM drive are investigated and compared to those 
obtained in simulation. Rotor resistance and inertia are severe variations of some key 
parameters that are used in comparison of simulation results to show that FLC with 
FAG is more robust. In order to improve industrial drive performance and robustness 
in a wide range of changing conditions it is found to be a suitable replacement of the 
standard FLC [53].  
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IM have many applications in industries because of its low maintainability 
and robustness. An IM with smart speed control system using fuzzy logic controller 
was introduced by Eltamaly, 2010. To compare the performance of control system 
with FLC with two speed control techniques, scalar control and IFOC are used. 
Especially with high dynamic disturbance IFOC technique with FLC provides better 
speed control. With speed variation and transient conditions in controlling three-
phase IM with IFOC, the simulation results have proven the superiority of the FLC 
that gives fast response, smooth performance, and high dynamic response [44].  
Chao, 2011 research on the speed control performance improvement of a 
detuned indirect field oriented (IFO) IM drive. A transfer function model is 
established and the dynamic behavior of a detuned IFO IM drive is observed. An 
ideal IFO IM drive for a nominal case with desired dynamic response is designed 
from then PID two-degree-of-freedom controller (2DOFC). The detuning of field-
orientation accompanying the load parameter changes may significantly worsen the 
speed dynamic response as the variation of motor parameters occurs. A proposed 
fuzzy robust control (FRC) to preserve prescribed response is yielded by a 
compensation signal in this case. The compromise between control effort and 
performance is considered, robust model following speed response is obtained since 
the compensation signal is adaptively tuned by a model following the error driven 
fuzzy weighting controller [38].  
A FLC requires finer tuning and simulation before operational even though it 
is easy to verify and explicit. NN has been used in some power electronic 
applications in the past decade. Using a system input and output, the NN controller, 
on the other hand, has the ability to adapt itself to changes in control environment 
[54]. It is able to identify  and control nonlinear system [8, 55]. It does not require 
exact model of the system or complicated control theories. The outputs are the torque 
of the artificial NN valuated  on several counts including their adaptability, non-
linearity, and generalization capabilities as well as the operating speed that trains a 
NN to represent a variety of complicated nonlinear systems has made it possible in 
the recent development of NN technology [56].  
NN can be trained to solve lost complex non-linear problems with variable 
parameters just like the human brain. It has been successfully applied to identify and 
control the currents of an induction machine. Adaptive flux control, current control, 
speed control, and FOC are some of the applications of NN in AC drive systems. A 
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speed controller of FOC IM drives implemented by NN controller is shown in Figure 
2.7. NN is taking advantage of learning capability of and it is possible to practically 
employ a NN that is insensitive to system parameter variation [33]. It is assumed that 
NN as an artificial intelligence tool that leads to modern techniques in power 
electronic motion control systems. 
 
 
 
Figure 2.7 : The speed controller of FOC IM drives incorporated by NN controller 
 
NN for online and offline models have their own advantages and 
disadvantages. Offline model can only robust to small variation, but fail to adapt to 
larger changes in the system even though it can handle large data as computation 
time that is not critical to their structure. To emulate the function of FOC, the use of 
an offline training of NN has been proposed in [57,58]. To simplify the 
implementation of FOC it shows that NN provides new solution. FOC of IM extracts 
the input and output signal for training the NN. Because of its limitation to larger 
changes of the system so that it can follow the speed trajectory specified by reference 
model, the NN has been trained using a several condition to update their weight.  
Peter Girovsky, 2012 dealt with a problem of speed estimation in a shaft 
sensorless FOC structure with IM that is based on NN modeling approach that 
trained offline by Lavenberg Marquardt algorithms. The structures of artificial NN 
estimators are based on measurable motor variables and the results of NN angular 
speed estimator is verified by a real-time system. The drive has better adaptability 
and robustness in comparison with the drive without estimator [13].  
The Artificial Neural Network (ANN) principles in the development of an 
ANN based FOC of an IM was a research project by BA-Razzouk, 1997. In 
implementing an IFOC, a two-layer ANN has been trained offline to estimate the 
slip, the direct and quadrature current to be used. Alternative intelligent to the 
conventional FOC controllers uses this method. The three IM Drive basic schemes of 
flux orientation, namely, stator flux, air gap can be applied to the proposed method. 
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It is accomplished with manipulating only the weights and biases of the ANN, using 
the same training strategy  and the same ANN structure can easily handle these three 
schemes [59].  
A scheme for estimation of rotor resistance using a NN block is presented by 
Ebrahimi, 2010. By using stator voltage and current, the flux and torque have been 
estimated. At the input and estimates the actual rotor resistance at the output, which 
is used in the control of an indirect vector controlled drive system, a back 
propagation NN receives the flux and torque errors and a supposed rotor resistance. 
In detuning operations, the NN has been trained offline with mathematical model of 
the control scheme. The NN estimator used with IRFOC control has been studied in 
the detuning condition. Despite when the rotor time constant is increased from 
nominal rate to twice the nominal value, as well as torque variations, the 
performance of the controller is good. Though this method’s design is simple, 
estimation is done quickly and accurately.  
A DSP implementation of a NN IM controller performing with FOC is 
presented by Mohamadian, 2003. Two stages of training are required to train the NN, 
which is at offline training stage and another stage where experimental data is 
employed to train the NN has been confirmed by experimental test results. Compared 
to the errors caused by the limited number of neurons and any lack of information in 
the training data, the NN error due to computation approximations is negligible [58].  
On the other hand, Parma, 2003 proposed a scheme that based on the direct 
application of an artificial NN, trained with sliding mode control, into the feedback 
control system based on the online model adapts to variation quickly in the non-
linear behavior of the system [9]. Robustness and high speed learning is inherits from 
Sliding Mode Control (SMC) when NN learning is implemented with an online 
adaptation algorithm. As a function of speed and flux references, it is important to 
mention that the control quality can be improved if the training algorithm is 
employed with adaptive gains. Using only two ANN controllers the training 
algorithm based on SMC is robust enough to maintain the system’s controllability. 
The findings show that NN with online learning can replace the PI and PID 
controllers used in classical motor drives [60]. 
An adaptive speed observer for an IM using an ANN with a DFOC drive is 
presented by Mechernene, 2012. With the only assumption that from stator voltage 
and current are measurable, the speed and rotor flux are estimated. To estimate rotor 
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speed, the estimation algorithm uses a state observer combined with an intelligent 
adaptive mechanism based on a recurrent NN (RNN). A simple PI controller, which 
reduces sensitivity to variations, due essentially to the influence of temperature, 
estimates the stator and rotor resistance. Various operating conditions of the IM drive 
are tested by the proposed sensorless control scheme. It guarantees that a precise 
trajectory tracking with prescribed dynamics as the experimental results demonstrate 
good robustness against load torque disturbances, the estimated flux and rotor speed 
converge to their true values [61].  
The use of RNN was proposed by Mayaleh, 1998 where the method of vector 
control allows high-performance control of torque, speed or position to be achieved 
from an IM by online estimation of the rotor resistance. A highly coupled nonlinear 
IM is controlled as a linear-decoupled separately excited DC motor. In the VC 
method, it is necessary to perform coordinate transformation because decoupling of 
the flux and torque of the stator currents in VC is ensured by accurate calculation of 
the unit vectors. Simulation results show that the new approach is capable of fast 
estimation of the rotor resistance with negligible errors [62].  
 
2.5 Gap of Study 
 
The gap of study can be seen obviously from comparison between research work in 
this project and the previous work done by other researchers on FOC of IM in the  
Table 2.1. It is clear that none of the researchers have done the performance 
comparisons between online and offline learning NN. 
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Table 2.1 : Gap of study for the NN based FOC of IM drive according to the several 
recent works. 
 
Ref 
Field Oriented 
Control 
 
Inverter Control Technique 
 
Speed Control 
NN 
   Training     
   Method 
 Direct Indirect Hysteresis PWM SVPWM PI(D) FUZZY NN  Online Offline 
[13] (2012) √  √     √  √ 
[61] (2012) √   √    √ √  
[10] (2013)  √   √  √    
[40] (2013) √   √  √     
[46] (2013) √   √   √    
[28] (2014)  √ √     √  √ 
[7] (2015)  √  √    √  √ 
 Proposed 
A.A.B 
(2015) 
 √   √   √ √ √ 
 
2.6 Conclusion 
 
AC IM motor has taking advantages of DC and successfully replacing an expensive 
DC motor by implementing FOC in the drive system. The decoupling of torque and 
flux characteristics and easy implementation are the primary advantages of FOC 
technique. NN is considered as potential candidates for such an application in recent 
years. The research on the design and implementation have proved the dexterity in 
many respects and gained great importance. Based on the research that has been 
made, it shows that NN with better performances can replaced the PID controller by 
eliminating the overshoot also torque and speed oscillation that occurred when using 
conventional controller. 
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CHAPTER 3 
 
 
 
METHODOLOGY 
 
 
 
3.1 Introduction 
 
In this chapter, the overall planning and block diagram of this project are discussed 
further. Before proceeding to detail development of the proposed NNIFOC schemes 
of IM drives, it is essential to understand the concept of the feed-forward network 
and the online learning control schemes. Then, the specific explanation of the 
proposed NNIFOC of IM drives is given.  
 
3.2 Project Flow Chart 
 
The objectives of this research are to model and simulate the IM drive system and 
develop a controlled program for the proposed technique on a DSP board. Figure 3.1 
shows the flow chart, which illustrates the important steps that will be taken during 
the project development. Referring to the flowchart, determination of the research 
objectives is most important part.  
 
